A number of previous studies have reported the existence of a minimum in phosphate solubility between pH 5.5 and 7 in non-calcareous soils. Different hypotheses have been forwarded to explain this phenomenon. In this study, ten soil samples with varying textures and phosphorus status were subjected to batch experiments in which dissolved phosphate was measured as a function of pH and phosphate load. Soil samples with more than 20 % clay all had a minimum phosphate solubility between pH 6 and 7, whereas for samples with < 10 % clay, no such minimum was observed. Further experiments involving additions of phosphate and arsenate showed an increasing adsorption of these anions with decreasing pH also below pH 6 in clay soils, suggesting that the pH dependence on adsorption and desorption in short-term experiments was not the same. Kinetic experiments showed that the increased phosphate desorption at lower pH values in noncalcareous clay soils was a quick process, which is consistent with adsorption/desorption being the most important mechanism governing the retention and release of inorganic P.
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hypothesis was based on the observation that acidification led to a decrease in the acidsoluble P fraction, which is often believed to constitute mainly of Ca-P minerals. By contrast, Devau et al. (2011) hypothesized that the "negative" pH dependence at low pH was due to the intrinsic PO 4 -P sorption properties of the illite edge sites they believed were important for PO 4 -P sorption in these soils. Earlier work by Edzwald et al. (1976) and Manning and Goldberg (1996) showed that illite displays a marked P sorption maximum at around pH 6. Weng et al. (2011) attributed their results to synergistic effects of Ca 2+ adsorption to oxides and showed that a surface complexation model would predict a minimum in P solubility near pH 7 under the conditions of their study (these authors used 0.01 M CaCl 2 background electrolyte, which might have affected the results and interpretations).
The purpose of this work was to increase the understanding of the factors determining pH dependence of PO 4 -P adsorption/desorption of soils. This was done by performing batch equilibrations on a number of soils with different characteristics, by studying the response of pH-dependent PO 4 -P solubility to P additions in the form of long-term fertilization or short-term PO 4 -P additions on the laboratory, and by comparing the observed PO 4 -P adsorption/desorption patterns with those of a similar anion, arsenate (AsO 4 ). As PO 4 -P and AsO 4 show similar (although not entirely identical) adsorption patterns on iron and aluminium (hydr)oxides (e.g., Antelo et al., 2005) , and as As is normally preserved in its pentavalent state in batch equilibrations with surface soils (Gustafsson, 2006) , AsO 4 might be used as an analogue to PO 4 -P. This is useful particularly as many natural soils contain only a very small amount of initially sorbed As. 6
Materials and methods

Soils
Seven of the soils used in this study were collected from long-term fertility experiments in Sweden (Table 1 ; Carlgren and Mattsson, 2001 ). Samples were collected from the treatments that had received no mineral fertilizer since the starting year of the experiments (1956 in Fjärdingslöv, Orup and Örja, 1963 in Kungsängen and Fors, and 1966 . In addition, two soils were collected from a catchment in S.E. Sweden subject to environmental monitoring of nutrient losses (E21:2, E21:24), and one more soil was collected from a field developed in postglacial clay north of Stockholm (Broknäs). A soil sample was collected also from a plot at
Kungsängen that had been treated with 30 kg P ha -1 and 80 kg K ha -1 annually, in addition to replacement with mineral fertilizer. The mineralogy of the soils from the fertility experiments is well studied and has been reported in a number of earlier publications (Kirchmann, 1991; Kirchmann and Eriksson, 1993; Andrist-Rangel et al., 2006) .
The soils were air-dried and when needed, they were homogenized gently in a mortar. The soils were characterized by oxalate extraction according to the procedure of van Reeuwijk (1995) , and by ascorbic-acid-extractable Fe according to Kostka and Luther (1994) . The concentration of Fe and Al in these extracts were determined by using ICP-OES (VarianVista-PRO Simultaneous ICP-OES with a SPS-5 autosampler), and the PO 4 -P concentration in the oxalate extract was determined colorimetrically using the method of Wolf and Baker (1990) . Oxalate-extractable As was measured with ICP-OES, but was below the detection limit for the method used, and is therefore not reported. PO 4 -P was determined also after acid ammonium lactate (AL) extraction (Egnér et al., 1960) , a method that is routinely used in Sweden for assessing the concentration of plant-available P. The particle size distribution was measured by the pipette method or by wet sieving for particles larger than 0.06 mm diameter. The total C content was analysed using a LECO CHN 932 analyzer. For selected extracts from the Kungsängen samples, the total organic carbon (TOC) concentration was determined using a Shimadzu TOC-5000 Analyzer.
Batch experiments
In all experiments, 2 g air-dried soil was mixed with 30 cm 3 solution in a polypropylene centrifuge tube with a screw cap. The solution that was added to the soil always contained 0.01 M After 6 days of gentle shaking at room temperature, the suspension in the tube was centrifuged.
The pH of the supernatant was then measured with a Radiometer combination glass electrode. The remaining supernatant solution was filtered through a 0.2 µm single-use filter (Acrodisc PF) prior to the analysis of PO 4 -P (colorimetrically using a Tecator Aquatec 5400 spectrophotometer with flow injection analysis), and of Ca, Mg, Al and As (ICP-OES as above). Preliminary studies showed that no PO 4 -P or AsO 4 was adsorbed by the centrifuge tubes or by the filters used.
For the Kungsängen A3 soil, an experiment was also performed to study the desorption rate of PO 4 -P in acid soil extracts. The general outline of this experiment was the same as above (with acid additions of 15 and 60 mmol H + kg -1 soil), and duplicate samples were collected after 2 h, 1 d, 8
Speciation modelling
The results were processed using the geochemical code Visual MINTEQ (Gustafsson, 2011 ) to obtain free ion activities and to calculate saturation indices of different minerals that might precipitate (Table 2) . We used the standard thermodynamic database for aqueous speciation calculations, which mostly relies on the NIST critical stability constants database (Smith et al., 2003) . To calculate the Al 3+ activity from measured total dissolved Al, we considered the presence of dissolved organic matter (DOM), which is important for Al speciation. This was done using the Stockholm Humic Model, SHM (Gustafsson, 2001 ) with generic complexation constants and using the assumption that the concentration of fulvic acid equalled 1.65×DOC (Sjöstedt et al., 2010) . At pH > 5 however, the calculated Al 3+ activity was usually higher than the one calculated from the solubility of "soil" Al(OH) 3 (s) , and then the Al 3+ activity was instead fixed by the solubility of Al(OH) 3 (s), in agreement with procedures used for lake water (Sjöstedt et al., 2010) .
Freundlich sorption modelling
The particular form of the Freundlich equation that has been most often used in studies of PO 4 -P sorption to soils was originally suggested by Fitter & Sutton (1975) :
where n sorb and n init denote PO 4 -P sorbed in the experiment and initially bound PO 4 -P, respectively (mol kg -1 ), c is the dissolved PO 4 .P concentration (mol L -1 ), whereas K F and m are coefficients that need to be optimized, and where m is expected to be < 1. After logarithmic transformation, equation 1 can be written as:
where n = n sorb + n init as above. This means that the Freundlich equation implies a linear relationship between log n and log c, where the slope is m and the intercept is log K F . A problem when all three parameters K F , m and n init are optimized at the same time, is that the fit is quite sensitive to very small differences in the data (see, e.g., Peltovuori, 2007) . Moreover, the value of n init found in this way is expected to be larger than the "real" n init , as the Freundlich equation is not expected to hold at very low values of c. To prevent this, it is beneficial if n init can be determined through extraction, or if m can be fixed at some realistic value.
In several studies it has been shown that m has been of the same magnitude in different soils. Barrow (1978) suggested the use of m = 0.4, whereas Tolner & Füleky (1995) recommended m = 0.33. They showed that this is fairly consistent with results from isotopically exchanged P, since the n init which was found with m = 0.33 was similar in magnitude to the isotope value. In our study 
Results
pH dependence of PO 4 -P solubility
The solubility of PO 4 -P as a function of pH was different in the nine soils ( Fig. 1 ). To assist in the interpretation of the data, second-order polynomials were fitted to the data sets of Fig. 1 (see Table S1 ). In the investigated clay soils, a minimum in PO 4 -P solubility was observed between pH 6 and pH 7. The minimum pH value was calculated from the point where the first derivative of the fitted second-order polynomial was equal to 0 (see results in Table S1 ). No such minimum was found for the three sandy soils, in which the PO 4 -P solubility increased monotonically with increasing pH. For soils with intermediate texture, the Orup soil had a well-defined minimum in PO 4 -P solubility at pH 5.9, whereas a minimum could not be defined for Fjärdingslöv within the pH range of the observations (Table S1 ); however, from visual inspection of the data of Fig. 1 it seems probable that there might be a minimum between pH 6.5 and 7 in this soil. The Fors soil, which was the only calcareous soil studied, had a minimum PO 4 -P solubility at pH 7.5 (i.e. the highest recorded). Below this pH value, the PO 4 -P solubility increased rapidly with decreasing pH, in a manner distinctly different from the other soils.
Speciation modelling revealed that the Fors soil extracts remained slightly supersaturated with respect to model hydroxyapatite on acidification ( determining the pH dependence of the PO 4 -P solubility for this soil, whereas for other soils Ca-P dissolution was probably less important. The presence of reactive Ca phosphates in the Fors soil was suggested also by Börling et al. (2001) when they compared results from P AL and Olsen-P extractions.
Fertilization effect on pH-dependent PO 4 -P sorption and desorption
After long-term fertilization at the Kungsängen site, the solubility of PO 4 -P increased considerably ( Fig. 2 ; A3 = unfertilized, D3 = fertilized with 30 kg P ha -1 annually).
Similar to the A3 sample, the fertilized D3 sample still displayed increasing PO 4 -P solubility with lower pH at pH < 6.8. However, on a log-log scale the pH dependence was flattened considerably.
In additional experiments, various additions of PO 4 -P were made to both the A3 and D3
soils. Laboratory additions of between 2.66 and 4 mmol kg -1 to the A3 sample resulted in similar dissolved PO 4 -P concentrations as in the D3 sample. This can be compared to the difference in extractable P values between the two soils ( Table 1) . The difference in oxalate-extractable P (10.5 mmol kg -1 ) was clearly much larger, which may suggest that a considerable proportion of the accumulated P in this pool was not soluble in a short term.
For P AL the difference (2.1 mmol kg -1 ) was much more in agreement with the values obtained from PO 4 -P additions.
Moreover, the pH dependence of dissolved PO 4 -P was not the same in the D3 sample with no P added, as in the A3 samples with P added on the laboratory. As Fig. 2 shows, the D3 sample had a minimum PO 4 -P solubility between pH 6.5 and 7, whereas in the A3
sample with P addition, dissolved PO 4 -P was lowest at low pH, below pH 5. In other words, the pH-dependent P solubility patterns was not the same in a soil subjected to longterm P fertilization in the field (D3) as in a low-P soil treated with P in a 6-d experiment (A3). Thus the pH-dependent solubility of P was different depending on whether the P was fresh, i.e. added on the laboratory, or if the P originated from long-term fertilization in the field.
Further evidence for this comes from comparing the pH-dependent solubility of initial PO 4 -P with that of AsO 4 added on the laboratory. Such data are available for two of the clay soils (Fig. 3) . These data show an increased sorption with decreasing pH for AsO 4 , which contrasts with the minimum solubility at pH 6 or higher as observed for initially bound P. Because the content of initially sorbed AsO 4 was negligibly small, dissolved
AsO 4 was only affected by the extent of AsO 4 sorption after 6 d of reaction. A possible reason for these observations may be that a large part of the initially bound soil P is occluded, i.e. not immediately reactive, and that part of this occluded P can be mobilized at low pH. This is being discussed further below.
There were no evidence for a significant role of Ca phosphates for the P dynamics at the Kungsängen site, as most samples were undersaturated with respect to hydroxyapatite and increasingly so with decreasing pH (Fig. 4) . Nevertheless, some fertilized samples at the higher pH end were supersaturated, which indicates a potential for apatite-like Ca phosphates to form. However, the formation of reactive Ca phosphates should have caused some samples to remain close to the solubility line of hydroxyapatite on acidification (e.g., as for the Fors site), but this was not the case. Instead, speciation modelling suggests a significant role of Al phosphates in retaining P at high fertilization levels and at pH < 6.5 (Fig. 4) . Most samples subjected to P additions either in the field or at the laboratory were supersaturated with respect to variscite. Some samples were also close to saturation with amorphous Al phosphate at low pH. This agrees with Pierzynski et al. (1990) and Hetrick and Schwab (1992) , who suggested a significant role of Al phosphates in acidic and excessively fertilized soils.
The reasons for the increased solubility of initial PO 4 -P with decreasing pH may be both desorption from (hydr)oxide surfaces and weathering (e.g. of apatite-like compounds).
Desorption from (hydr)oxide surfaces is expected to be reversible, i.e. if pH was increased again the PO 4 -P would readsorb. Weathering, however, is normally expected to be irreversible. To cast further light on the type of mechanism involved, batch experiments were carried out for different times (ranging from 2 h to 6 d) and after two different acid additions. In these experiments, the pH value was initially low and was then increasing, most probably as a result of weathering of silicate minerals in the sample (Fig. 5) .
Dissolved PO 4 -P was initially very high and then decreased, apparently as a result of the pH increase. This experiment was repeated also for another clay soil (E21:2), with the same general result (data not shown). This behaviour is consistent with sorption/desorption processes governing the PO 4 -P solubility, as adsorption/desorption reactions would be expected to take place quickly. Kinetically constrained weathering of P-containing minerals seems a less likely explanation to the observed trends, since slow weathering would be expected to cause a progressively increasing PO 4 -P dissolution with time. However, these very simple experiments are only indicative, and more direct methods would be needed to more firmly establish the mechanism(s) governing P dissolution/desorption patterns in these soils.
Results from Freundlich sorption modelling
Under the conditions of the sorption isotherm experiment, the pH values were practically constant as a function of P addition, and the difference recorded was < 0.2 units (Table 3 ). The fits to the Freundlich equation were usually better than r 2 > 0.98 and visual inspection of the plots confirms that the fits are generally quite good (Fig. 6 ). As could be expected, the fitted Freundlich coefficients K F were fairly well correlated with the sum of oxalate-extractable Fe and Al (r 2 = 0.70).
The values of n init obtained can be compared to the extraction results in Table 1 .
Usually, the modelled n init values were close to the ones obtained with the P AL extraction method, whereas they were considerably lower than the oxalate-extractable values. A significant exception is the Fors soil, in which P AL was much higher than the modelled n init . This is most likely caused by accumulation of reactive Ca phosphate in this soil, which is partly dissolved during the P AL extraction.
These observations suggest that the oxalate-extractable P pool, at least in these soils, represent a pool of P that is reactive only to a minor extent within a time period of six days. Apparently, the P AL -extractable value is a better representation of this fast-reacting pool in the non-calcareous soils.
Discussion
This study confirms a number of earlier studies showing that the pH-dependent solubility of initially bound PO 4 -P often displays a minimum between pH 6 and pH 7 (e.g., Muurman and Peech, 1967; Devau et al., 2011; Weng et al., 2011) . Our data for ten different soils suggest that this is the case for clay soils, whereas for sandy soils such a minimum solubility was not observed except possibly at much lower pH (< 5). Of the By contrast, laboratory P additions made to an initially P-depleted soil (Kungsängen A3), and AsO 4 adsorption studies on two of the other clay soils of this study, showed markedly different pH-dependent patterns of dissolved PO 4 -P or As. Thus, the results for systems in which P or As was added are in much better agreement with the commonly perceived view that anion adsorption increases with decreasing pH.
These contradicting patterns suggest that it might be risky to put too much emphasis on P desorption patterns when calibrating surface complexation models aimed at properly describe P sorption/desorption in soils. Without further refinement, such models would not be consistent, i.e. they would predict the same pH dependence of P adsorption as for P desorption, which is not observed in the short-term laboratory experiments used for optimizing the models. What, then, is causing the different patterns between P sorption and desorption?
To start with, the kinetic experiments for the Kungsängen soil suggest that the contrasting patterns are not likely caused by weathering of P-containing minerals, as P was dissolved very quickly in acid conditions and after a short reaction time, and as a fraction of it was readsorbed when the pH increased due to other processes. Instead, the quick reactions lead us to hypothesize that the reactions that govern the solubility of PO 4 -P are dominated by sorption/desorption.
An analysis of the extraction data for P, and of the results from the sorption experiment, provides further clues as to what might be happening. The sorption isotherm experiment indicated that only a relatively small fraction of the oxalate-extractable P was reactive within a six-day period. This agrees with the observations of Peltovuori et al. (2002) , who attributed this to the dissolution of significant quantities of calcium phosphate minerals into the oxalate extract. This almost certainly is an important process in the Fors soil, but there is no evidence for this being an important process in the other soils of this study.
Another possible process is that the non-reactive part of the oxalate-extractable P pool represents an 'occluded' P phase. The data from Kungsängen suggest that although this pool may not be reactive in short-term equilibrations, it is dynamic in the long run. As Table 1 shows, oxalate-extractable P had increased by 10.5 mmol kg -1 relative to that of the unfertilized plot after 45 years of fertilization. Only 20 % of this was in an ALextractable form (and hence reactive in short-term laboratory experiments). This result can be compared to the study of Börling et al. (2004) , who reported results for Kungsängen and for eight other Swedish soil fertility experiments with similar P fertilization levels.
According to Börling et al. (2004) , oxalate-extractable P had, on average, increased by 9.3 mmol kg -1 , of which 37.5 % was extractable by AL. Considering that the AL-extractable pool is of similar magnitude as the fast-reacting pool in laboratory experiments, this implies that most of the accumulated P was in an 'occluded' phase, not immediately available for solubilization.
These observations show that it might be necessary to properly account for the slowreacting pool in laboratory procedures and models that aim to properly describe the longterm response of soils to P fertilization, including the risk for P leaching.
We hypothesize, on the basis of our results, that hydroxy-Al and/or hydroxy-Fe interlayers of clay minerals may be important P sorbents, at least in clay soils. The P associated with these interlayers may to a large extent be 'occluded', i.e. trapped inside the clay minerals. On acidification, interlayers will start to dissolve which will (i) reduce the total amount of the sorbent, leading to desorption of P bound to these interlayers, and (ii) expose previously inaccessible interlayer hydroxy-Al or Fe, to which both P and As can (re)adsorb (and initially bound P desorb). When the pH is increased again, new interlayers are formed, and some of the adsorbed P and As will be trapped, i.e. occluded. These factors taken together may account for the contrasting pH dependences of P/As sorption and desorption in the batch experiments. To test this and other hypotheses, the identity and dynamics of soil P pools need to be much better characterized through e.g. X-ray absorption spectroscopy (e.g. Beauchemin et al., 2003) and nuclear magnetic resonance (NMR) spectroscopy (Lookman et al., 1997) . The dynamics of these pools should be studied in well-designed laboratory experiments. Until more detailed information of this kind is available, the calibration of mechanistically based surface complexation models for P sorption/desorption will remain difficult and to some extent speculative.
Conclusions
(i) Batch experiments conducted for ten Swedish agricultural soils showed different pH dependences of PO 4 -P desorption; soil texture appeared to be significant in this regard. For soils with a high clay content, there was a minimum PO 4 -P solubility between pH 6 and 7. For sandy soils, such a minimum solubility was not observed.
(ii) Experiments with an initially P-depleted clay soil showed that the pH dependence of soluble PO 4 -P changed when P had been added to the soil.
Under these conditions, the least P was dissolved at very low pH. Similar results were obtained when AsO 4 , a PO 4 -P analogue, was added to two of the other clay soils. Thus, pH-dependence of soluble PO 4 -P may be different depending on whether it is adsorbed or desorbed.
(iii) Sorption experiments showed that the initial pool of reactive PO 4 -P on the soil particle surfaces was more accurately estimated by acid lactate extraction than by oxalate extraction. In addition, results from long-term fertility experiments
show that a large part (> 60 %) of the accumulated P was in a phase not recovered by acid lactate and thus probably not reactive in short-term laboratory experiments
The results show that attempts to model P adsorption/desorption in agricultural clay soils need to be able to account for the different behaviour of phosphate during sorption and desorption as well as the different dynamics of surfacereactive and occluded phosphate.
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